Unlike other Streptomyces spp., the streptomycin producer Streptomyces griseus IFO13189 shows emergence of a small fraction of rsmG and rpsL mutants among spontaneous low-or high-level streptomycin-resistant mutants. rsmG, but not rpsL, mutants showed greater ability (two-to threefold) to produce streptomycin, accompanied by enhanced transcription of metK and strR, together with streptomycin biosynthetic genes, such as strB1, strD and strF, thus underlying the observed increase in streptomycin production in the rsmG mutants. Moreover, rsmG mutation was effective for activating the 'silent' or poorly expressed secondary metabolite-biosynthetic genes present in S. griseus.
INTRODUCTION
Actinomycetes produce a variety of natural products that are of major importance in the pharmaceutical industry. More than 50% of all antiinfective and anticancer compounds developed over the past 25 years have been natural products or derivatives thereof. 1 In the past several years, the complete genome sequences of many organisms have been reported. The information from these genome projects indicated that Streptomyces coelicolor, S. avermitilis and S. griseus have 20, 25 and 34 clusters of genes involved in secondary metabolism, respectively, but only a few secondary metabolites are known in each case. 2-4 Recently, we described a practical method for increasing antibiotic production in bacteria by modulating ribosomal components (ribosomal proteins or rRNA), specifically by generating mutations conferring drug resistance, such as streptomycin resistance. [5] [6] [7] This approach, called 'ribosome engineering' , 8 has several advantages including the ability to screen for drug resistance mutations by simple selection on drug-containing plates, even if the mutation frequency is extremely low (for example, o10 À10 ), and has been shown to be effective for improving the industrial strains, which had been bred to produce large amount of antibiotics. 9, 10 S. griseus is a filamentous, soil-living, Gram-positive bacteria, which produces an aminoglycoside antibiotic, streptomycin, and is characterized by the presence of a streptomycin self-resistance gene, aphD, which encodes streptomycin-6-phosphotransferase. Here, we showed that rsmG and rpsL (conferring low and high levels of resistance to streptomycin, respectively) mutations can be generated in S. griseus, although this organism already possesses a relatively high level of self-resistance to this antibiotic produced by the organism itself. The effects of rsmG and rpsL mutations on streptomycin production were examined, along with those of many other 'silent' secondary metabolite-biosynthetic genes present in this organism.
MATERIALS AND METHODS

Bacterial strains and culture conditions
Streptomyces griseus IFO13189, a prototrophic streptomycin-producing wildtype strain, was used as the parental strain. Spontaneous streptomycin-resistant mutants were obtained as colonies that grew within 5-7 days after spores were spread on glucose-yeast extract-malt extract (GYM) agar 11 containing various concentrations of streptomycin. Mutations in rpsL or rsmG genes were determined by DNA sequencing using the primers listed in Table 1 . Cultivation was performed at 30 1C (for preculture) or 25 1C (for main culture) using SPY medium 11 with rotary shaking at 220 r.p.m.
Assay for streptomycin and determination of minimum inhibitory concentrations
Streptomycin was determined by bioassay using Bacillus subtilis ATCC6633 as the test organism. Minimum inhibitory concentrations (MICs) were determined by spotting spore solutions (B10 6 ) onto streptomycin-containing GYM plates, followed by incubation for 5 days at 30 1C.
Total RNA preparation
Total cellular RNA was prepared using Isogen reagent (Nippon Gene, Toyama, Japan). Each pellet was resuspended in 1 ml of Isogen reagent and incubated at 50 1C for 10 min. After cooling, 0.2 ml of chloroform was added. Each sample was mixed well by vortexing and centrifuged at 16 000Âg for 10 min, and 0.6 ml of the aqueous phase (top layer) was transferred to a clean tube. To each test tube, 0.4 ml of chloroform was added and each sample was mixed by repeated inversions and centrifuged at 16 000Âg for 10 min. A portion (0.6 ml) of the aqueous phase (top layer) was transferred to a clean tube. The RNA in each tube was precipitated with an equal volume of isopropanol, and rinsed with 70% ethanol. The Isogen reagent treatment was repeated once more to prepare pure RNA and finally suspended with an appropriate volume of diethylpyrocarbonate-treated water.
Transcriptional analysis by real-time quantitative PCR
The total RNAs were prepared as described above. Contaminating DNA was removed by incubating each total RNA sample (1 mg) with 1 U of DNAse I (Invitrogen, Carlsbad, CA, USA) for 15 min at 25 1C. Reverse transcription Effect of rsmG and rpsL mutations on S. griseus Y Tanaka et al reaction was carried out using a high-capacity RNA-to-cDNA Kit (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's instructions. The samples were diluted with an appropriate volume of water and analyzed using the 7300 real-time quantitative PCR (qPCR) system and Power SYBR Green PCR master mix (Applied Biosystems). Each transcriptional assay was normalized to the corresponding transcriptional level of the hrdB gene encoding the principal sigma factor. Primers used for real-time qPCR are listed in 
RESULTS AND DISCUSSION
Isolation and characterization of streptomycin-resistant mutants In various actinomycetes, high-level resistance to streptomycin is often due to mutations in rpsL, which encodes the ribosomal protein S12, whereas low-level resistance is due to mutations in rsmG, which encodes a 16S rRNA methyltransferase. 5, 6 Unlike other Streptomyces spp. (MIC to streptomycin, 0.2-2 mg ml À1 ), the streptomycin producer S. griseus IFO13189 showed a relatively high level of resistance (MIC¼70 mg ml À1 ). We isolated a total of 204 resistant mutant strains that had developed spontaneously on GYM agar plates containing various concentrations (70-2000 mg ml À1 ) of streptomycin. Of these mutants, 15 had mutations in the rsmG gene and were characterized by the frequent appearance of deletion or insertion mutations that resulted in frameshift, and five carried mutations in rpsL, including the K88E mutation and novel insertion mutation (Table 2) . These results were in contrast with those of previous studies in other Streptomyces spp, in which 450% of resistant strains were due to mutations in rpsL or rsmG. 6 This observation suggested that S. griseus harbors a wide range of resistance systems, in addition to inactivation of streptomycin by streptomycin-6-phosphotransferase, to survive in the presence of its own antibiotic, streptomycin. The rsmG mutants showed impaired ability to form aerial mycelia, and were somewhat deficient in sporulation.
We reported previously that, in the rsmG mutant background, rpsL mutants with high-level streptomycin resistance emerge at a frequency 200-fold greater than that in the wild-type strain of S. coelicolor, and this elevated frequency in the emergence of high-level streptomycin resistance was facilitated by a mutation pattern in rpsL more varied than that obtained by selection of the wild-type strain. 5, 6 Similarly, S. griseus rsmG mutant, KO-1050, generated the mutants resistant to high-level streptomycin (1000 mg ml À1 ) at high frequency. However, no rpsL mutants were detected among the 30 resistant mutants tested, again characterizing the specific feature of S. griseus.
Effects of rsmG and rpsL mutations on streptomycin production Mutations in rsmG were effective in enhancing streptomycin production, leading to a two-to threefold increase in streptomycin production, whereas rpsL K88E mutation and rpsL insertion mutation were not effective (Table 2 ). In addition, the mutants with no mutations in either rsmG or rpsL (that is, ND mutants) showed the impaired ability to produce streptomycin, as examined with 12 ND mutants (data not shown). In S. coelicolor, enhanced expression of the metK gene encoding S-adenosylmethionine synthetase corresponds to the enhanced production of streptomycin and actinorhodin caused by rsmG mutations. 5, 12 Moreover, addition of S-adenosylmethionine causes overproduction of streptomycin in S. griseus, accompanied by enhanced transcription of adpA and strR. 13, 14 We analyzed transcription of metK, adpA and strR, together with several genes involved in biosynthesis of streptomycin (strB1, strF and strD) ( Table 3) . As expected, the rsmG mutant, but not the rpsL K88E mutant, exhibited elevated levels of metK, strR, strB1, strF and strD expression compared with the wild-type strain at late growth phase (36 h) (Figure 1) , thus underlying the enhanced production of streptomycin in the rsmG mutant. StrR is a regulator of the streptomycin biosynthesis operon 15 and AdpA acts as a central transcriptional regulator in the A-factor regulatory cascade of S. griseus. 16 Although the elevated levels of metK and strR expression account well for the marked enhancement of biosynthetic gene expression (strB1, strD and strF), it is not yet clear why adpA gene expression was not activated in the rsmG mutant.
Effects of rsmG mutation on transcription of secondary metabolitebiosynthetic gene clusters A recent study in our laboratory indicated that certain mutations in rpoB (encoding RNA polymerase b-subunit) or rpsL genes can activate 'silent' genes of actinomycetes, leading to the discovery of novel antibacterial agents. 17 The activation of silent genes by generating rpoB H437D or rpoB H437L mutations in Streptomyces sp. 631689 was attributed, at least partly, to the increased affinity of the mutant RNA polymerase for promoters. 17 Thus, we analyzed the expression of secondary metabolite-biosynthetic gene clusters in the S. griseus rsmG mutant, KO-1050. A total of 18 genes belonging to 18 secondary metabolite-biosynthetic gene clusters (Table 3) were subjected to transcriptional analysis by real-time qPCR, and the results indicated that the levels of expression of these genes are quite low (1/10-1/1000 compared with that of strB1), thus representing silent or poorly expressed genes. Strikingly, analysis of cells harvested at late growth phase (36 h) indicated that the rsmG mutation affected not only streptomycin biosynthesis but also the expression of other secondary metabolite-biosynthetic genes, although the effects were not dramatic (Figure 2 ). Enhancement of expression was pronounced in SGR3267 (putative cytochrome P450 involved in Type II polyketide synthases or non-ribosomal peptide synthetases) and SGR962 (putative squalenehopene cyclase involved in hopanoid synthesis). By contrast, the rpsL K88E mutant, KO-1052, did not show any enhanced expression of those genes (data not shown).
CONCLUDING REMARKS
We showed that rsmG mutation is effective not only for enhancement of streptomycin production but also for activation of silent or poorly expressed genes in S. griseus. Although a biochemical approach (for example, measurement of in vitro protein synthesis activity) was not Effect of rsmG and rpsL mutations on S. griseus Y Tanaka et al employed in the present study, it is possible that the expression of pathway-specific regulatory genes is governed by higher-order regulatory proteins and expression of such higher-order regulatory proteins may be significantly affected under conditions associated with enhanced metK expression in mutants. The present method, together with other methods reported recently, 6, 7, [17] [18] [19] [20] may be useful for activating silent genes, eventually leading to the discovery of novel antibacterial agents. 
